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THE KNOCK-LIMITED PERFORMANCE <7 FUEL BLENDS CONTAINING AROMATICS 

Y - n-ERCPILBENZENE, n-BOTYLHENZENE, ISQBUTILBENZENE 
m-XYLENE, 'AND 1-3BCERC3PYL-4-METHILBENZENE 
By Carl L. Meyer and J. Robert Brans tetter 


SOMMARY 

Shock-limited tests were made of n-propylbenzene , n-butylbenzene, 
1 Bobutylbenzene , m- xylene , and l-lBQpropyl-4-methylbenzene blended 
Individually in various concentrations vlth selected base fuels. Data 
were obtained for the five aromatics to determine: (a) the blending 

sensitivity, (b) the sensitivity of the blends to inlet-air temper- 
atures, (o) -the lead susceptibility of the blends, and (d) the cor- 
relation of small-scale and full-scale engine results. The data 
■presented herein were obtained with small-scale engines f published 
full-scale single -cylinder engine data are presented for comparison. 

The five aromatics In most Instances rated In the following order 
of decreasing antiknock effectiveness In leaded blends at a fuel -air 
ratio of 0.10: m-xylene, 1-isopropyl -4-methylbenzene, n-propylbenzene 

lBobutylbenzene, and n-butylbenzene . At lean mixtures these aromatics 
with the exception of ‘'n-butylbenzene, which had the lowest response at 
most conditions, were comparable as antiknock blending agents. 


HraSCDUCTION 

' An Investigation to determine the effectiveness of aromatic 
hydrocarbons as antiknock blending agents for aviation fuels 1 b 
being conducted at the NACA Cleveland laboratory. The program and 
Its over -all objectives era described In detail In reference 1. In 
"brief, the program consists In determining: (a) the blending sen- 

sitivity of the aromatic In the base reference fuels, (b) the sen- 
sitivity of the aromatic blends to inlet-air temperature, (c) the 
lead susceptibility of the aromatic blends, and (d) the correlation 
of small-scale and full-scale engine results. 
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Knock -limited performance - data i obtained with' F-4, F-3, and 
17.6 small-scale engines for the 12 purified aromatic hydrocarbons 
tested In the first phase of the- program, are presented In ref er- 
ences -1 to- '4V 1 A summarization of these data, together with com- 
parative full. -scale single -cylinder' engine data from reference 5, 

Is presented In reference 4. 

‘ r 

Data for n-propylbenzene, n-butylbenzene, isobutylbenzene, m-xylene, 
and 1 -Isopropyl -4 -me thy lbenzene (|>-cymene) are presented In this report, 
vhlcb is the last of a - series of . five reports. Each aromatic, after 
purification, was Individually hlend'ed with- selected base fuels and the 
resulting blends were tested in F-4, F-3, and 17.6 engines. B-1820 
G200 single -cylinder engine data from reference 6 are Included to facil- 
itate comparison of small-scale and full-scale engine results. 

' APPARATUS, FUELS, ABD TEST PROCEDURE . 

_ A description cf the engines and the engine- conditions used for 
the tests may be found .In reference 1 for the 17.6 engine, for the 
F-3 engine*/ and the "research" F-4 engine. The 17.6 engine conditions 
are also given hereinafter it .the figures and tables. The F-4 engine 
’Is not ei package unit but is operated under F-4. test -conditions and Is, 
for convenience, called the F-4' engine In -this series -of reports. 

The five aromatic hydrocarbons were synthesized, or purchased, 
and purified In the- Organic Synthesis Section of .the Fuels and 
Lubricants Division. The physical constants of. the aromatics tested 
are presented In. the following table : 


, Free zing I Bolling (index of Density 

' • . ■ L . n L_» L nnO r* 


Aromatic 

point 

'. point 

l refraction 

, at 20° C 

■ ■ 1 
- ■ . | 

(°c) 

' (°c) 

20 
° D 

(gram/ml) 

n-Propylhenzene ■ 

' -99.61 

: 159.3 

' 1.4919 

■ 0.8618 

n-Butylbenz ene . . . | 

-88.19 

j 183.2 

1.4898 

.8601 

Isobutylbenzene • 1. 

-51.87 

172.2 

1.4860. 

.8525 

m-Zylene j 

-48.31. 

i 139.1- 

1.4971 

.8641 

1 -Isopropyl -4-me thylbenzene ; 

-68.39 

‘ 177.2 

■1.4906 

' .8566 


Each aromatic, after purification, was Individually blended by 
volume with three base fuels: S-4 reference fuel, 8-4 plus .4 ml tpit. 

per gBllon, and 87.5 percent S-4 plus 12.5 percent n-heptane plus 
4 ml TEL per gallon. In order to obtain a base fuel which could be 
reproduced as needed and which would contain no aromatics, the base 
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fuei consisting of 87.5 .percent S-4 plus 12 ;5 percent n-heptane plus 
.4 ml TEL per gallon was chosen to repla.ce the base fuel (65 percent 
S-3 plus 15 percent M-4 plus 4 ml TEL/gal) used In- ref erences 1 to 5. 
It Is stated Id reference 1 that the use of M-4 as a component of 
the hase fuel dofts not meet the. requirement of' reproducibility of 
the fuel. M-4 reference fuel contains approximately 8 percent aro- 
matics. Tests on an 7-4 engine show the base fuel used In the present 
tests and, the tests of references 6 -and 7 to be approximately 
equivalent In knock-limited power to the original base fuel. 


Hie composition of the test-fuel blends and an outline of the 
tests with the 17.6 and 7-4 engines are given In the following table: 



Inlet-air 

Percentage 


“] 

Tetra- 

Engine 

tempera turi 

a aromatic In 

Base fuel 

ethyl 


(°F) 

1 blend 



lead 



. (by volume) 



(ml/gal) 

17.6 

250 

’ 0,10,20 


S-4 

0 


100 

0,20 


S-4 

0 

1 

| 250 

• 0,10,20 


S-4 

4 


100 

s 0,20 


S-4 

4 ■ 

1 

| 

j 250 

{ 0,25 

87.5# S-4 + 

12.5# n-heptane 

4 


; 100 
l 

! 0,25 

87.5# S-4 + 

12.5# n-heptane 

4 

7-4 

! &25 

•0,10,25,50 

37.5# S-4 + 

12.5# n-heptane 

" 4 

\ 


Whenever fuel quantity permitted, the blends were also tested in the 
F-3 engine. 


When 7-4 ratings of the various blends are determined on sepa- 
rate days, as was done In references 1 to 4, the knock-limited lmep 
ratios (ratio of the lmep of the test fuel blend to the lmep of the 
base fuel) vary possibly because of dally variations In the power 
level of the engine. Possible day-to-day errors must be minimized 
If the antiknock blending performance of the aromatics Is to be 
accurately determined. .The procedure -previously followed far the 
7-4 engine testa has therefore been altered to permit testing leaded 
blends of 0, 10, 25, and 50 percent aromatic with the base fuel con- 
sisting of S-4 plus n-heptane during a single .operating day. An 
additional teBt of S-4 plus 4 ml TEL per gallon was made during the 
same day. The revised procedure allows a- direct comparison of blends 
containing various concentrations of a given aromatic on the basis 
of data obtained on the same day. It also permits a match rating 
In terms of S-4 plus 4 ml TEL per gallon end n-heptane plus 4 ml Tier. 
per gallon by the sue of the reciprocal indicated -mean -effective- 
pressure relation developed in reference 8. The corresponding rich 
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and lean performance numbers were obtained, from. figure 1. This fig- 
ure is based on the F-4 standard .guide curves and on knock tests 
conducted at this- laboratory. • 


RHESEHTATION AND DISCUSSION OF RESULTS 

Table I is an index of figures showing in detail the order of 
discussing the results- obtained for the five aromatics when iodi- ' 
vidually blended with the three base fuels. The table presents the 
blend compositions, the engines, the inlet-air temperature, and the 
figure numbers. 

F-4 engine data. - The knock-limited performance in- the F-4 
engine of leaded blends containing 0, 10, 25, and 50 percent aro- 
matic with the base fuel consisting of S-4 plus n-heptane are pre- 
sented in figures 2, 3, 4, 5, and 6 for n-propylbenzene , n-butylbenzene , 
isobutylbenz9ne, m-xylene, and 1-isopropyl -4-methylbenzene, respec- 
tively. In each of the aforementioned figures, the results from tests 
of S-4 plus 4 ml tut, per gallon are also included. Each figure pre- 
sents data obtained during a single operating day. 

Graphs of knock-limited lmep ratio (where imap ratio is the 
ratio of the lmep of the aromatic blend to the lmep of the base -fuel) 
against aromatic concentration are presented- in figure 7 . These data 
show the comparative effect of the addition of each of the five aro- 
matics at fuel -air ratios of 0.07, 0.005, 0.10, and 0.11. 

At lean fuel -air mixtures, the aromatics were not effective 
antiknock agents under F-4 test. conditions j the differences between 
the antiknock qualities of the five aromatics were insufficient to 
determine which had the better characteristics as an antiknock- 
agent. At rich fuel-air mixtures, additions of each of the five 
aromatics permitted substantial gains in knock-limited power rela- 
tive to the base. fuel. In nearly all cases at rich mixtures, 
m-xylene and l-isopropyl -4-methylbenzene were rated as the most 
effective antiknock agents and n-butylbenzene as the least effective 
antiknock agent of the five aroma-tics. 

17,6 engine data. - The knock-limited performance in the 
17 r 6 engine of blends containing the five aromatics is presented in 
figures 8 to 10 for n-propylbenzene, 11 to 13 far n-butylbenzene, 

14 to 16 for isobutylbenzene, 17 to 19 for m-xylene, and 20 to 22 
far l-isopropyl -4-methylbenzene. For each aromatic, unloaded and 
leaded blends with S-4 and leaded blends with a base fuel consisting 
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of 8-4 plus n-heptane are ■ presented fetr inlet-air. temperatures of 
250° and 100® F. . The. data given In. each figure for a given' tnlet- 
alr temperature were obtained during a single operating . day. - - ; 

In unleaded blends with 8-4 (figs. 8 r . 11,14, 17, and 20) addi- 
tions of the -five aromatics decreased' the knoclr- limited power- of S-4 
at fuel -air ratios In the * neighborhood of 0.065 and '0..07- at the higher 
Inlet -air temperature*' Additions, bf n-propylbenzene, m-xylene, and 
1 -Isopropyl -4 -methylbenzede permit ted'gains' at fuel -air ratios .greater 
than' 0.0855 additions of n-butylbenzene add Isobutylbenzene permitted 
gainer only at fuel -air ratios greater than.. approximately Q.1Q«-' At. 
the lower Inlet -air temperature, additions of each of the five aro- 
matics Increased the knock-limited power of S-4 at all fuel-air ratios 
tested. This : Influence- of temperature agrees > in general; with that 
observed for- the aromatic fuels reported In references 1 to 4.- The 
greatest gains at the lower Inlet -air: temperature were obtained from 
n-propylbenzene, m- xylene , and 1-isopropyl -4-methylbenzene, -apd the 
"smallest gain was~obtalned from n-butylbenzene: . 

■In leaded blends with' S-4 - (figs. ■ 9, 12, 15, 18/ and 21) the data 
show that even at the lean - mixture a and at the higher. Inlet -air tem- 
perature the aromatics Increased the knock-limited Indicated mean 
■ effective pressure of the base fuel (in the case of n-butylbenzene, 
the gain was almost negligible) , Indicating that these, aromatic blends 
are more responsive to the lead addition than Is S-4. A similar 
response of the aromatic blends to the addition of tetraethyl- lead 
was also- noted at the lower Inlet -air temperature . 

In leaded blend's- -with the base fuel' consisting of - S-4plus 
n-heptane (figs. 10, 13, 16, 19, and- 22), each of> the five aromatics 
Increased the knock-limited poker - of the base fuel at all fuel -air 
ratios ahd at both inlet-air - temperature's .' 

m leaded blends, m-xylene and 1 -Isopropyl -4 -me thylbenzene were 
- the most effective of tEe fits' aromatics In- Increasing the knock- 
limited power of the base fuels at- -rich" fuel -air mixtures. At lean 
mixtures all of the aromiatlos With the exception- of' n-butylbenzene 
were comparable as antiknock blending agents." At both lhlet-alr 
temperatures over the range of- fuel' -air ratios'- tested, n-butylbenzene 
■was the least effective antiknock agent*' 

In figures- 23 to- 27 the' 17*6- engine data-’ are presented In the 
' farm of - graphs of the variation of knock -11ml ted lmep ratio with aro- 
matic concentration: far unleaded and leaded blonds of the aromatics 
with S-4 -reference fuel. These data Indicate’ the comparative effect 
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of additions Of each of the five aromatics. at fuel-air ratios of 
0.07 , 0.085 , 6.10, and 0.11,. .as’ Veil as the, effect of . inlet -air 1 -tem- 
perature and tetraethyl lead. - 

Sumnary of engine data. - Table .II presents the F-4 ratings of 
leaded blends of the -five arcmatlcs with the base fuel consisting of 
S-4 plus n -heptane . This table also Includes the F-3' ratings of the 
blends for which sufficient f^el was available. These ratings are 
recorded in terms, of .percentage S-4 plus 4 ml TEL $er gallon in ■ 
n-heptane plus 4 ml TEL per gallon, in terms of S-4 plus. ml TEL per 
gallon, or octane number, and also in terms of Army -Navy performance 
numbers. 

Enoch-limited performance data, together with imep -ratio data, 
for each of the five aromatics individually blended with the three 
base- fuels are presented in table III. Data are included from tests 
with the 17.6 engine, the full-scale cylinder (reference 6), and the 
F-4 engine. Full -scale -cylinder data were not' available for m-xylene. 
It should be noted that, of the two sets of engine conditions used 
for the full -scale -cylinder tests, only one (spark advance^ 2'0 a B.T.C. ; 
exhaust pressure, 29 in. Hg absolute; inlet-air temperature, 210° F) 
corresponds to the conditions used for tests with that cylinder in 
reference 5 (from which data are included in references 1 to 4) . The 
simulated take-off conditions recommended by the Coordinating Research 
Council have been replaced by modified cruise conditions involving a 
more advanced spark,, a lower exhaust, pressure, and a higher inlet-air 
temperature than the recommended CRC cruise conditions. This change 
was made to give more emphasis' to the temperature sensitivity of the 
aromatic blends than did the original simulated take-off conditions 
(reference 5). The present test Conditions of the full-scale cylinder 
are outlined in detail in reference 6; the pertinent conditions are 
given in table III of the present report. - ' The test conditions of the 
small-scale engines were unchanged. 

The data in table III show that, with few exceptions, the full- 
scale cylinder and the small-scale engines rated the aromatics (leaded 
blends for which complete date, are available) in the same order at 
fuel -air ratios of 0.10 and 0.11. Although full-scale-cylinder 
data are not available for ‘the m-xylene blend, it appears valid to 
list the five aromatics in the following order of decreasing anti- 
knock effectiveness at fuel -air ratios of 0.10 and 0.11: m-xylene, 

l-iBopropyl-4-methylbenzene, n-propylbenzene, isobutylbenzene, and 
n-butylbenzene. In the 20- and 25 -percent leaded blends at a fuel- 
air ratio of 0.10, m-xylene and l-lsopropyl-4-methylbenzene appear 
comparable with the five aromatics (1,3,5-trimethylbenzene, m-diothyl- 
benzene, tert-butylbenzene, £ -xylene, and 1 -ethyl -4 -me thylbenzene ) 
whioh were found in reference 4 to rate as the best antiknock agents 
of the 12 aramatios summarized therein. ..... 
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Table IV presents a sunnary of the temperature sensitivities of 
blends containing each: of the five aromatics. With few exceptions, 
the aromatic blends vere more sensitive to. changes of inlet-air' tem- 
perature than the base fuels. 

The lead susceptibilities of blehdB containing the five aromatics 
are summarized In table V-. The aromatic blends' vere more susceptible 
to the addition of tetraethyl lead than vas S-4 reference fuel. 

The correlation of small-scale and full-scale engine results. - 
In reference. 6, the F-4 engine performance Is compered with the full- 
scale -cylinder' performance on an lmep -ratio basis at fuel -air ratios 
of 0.07 and 0.10 for blends containing 25 percent aromatic (for the 
aromatics reported herein) vlth the base fuel consisting of S-4 plus 
n-heptane. The correlation vas better at the richer fuel -air mixtures 
at the two engine conditions used in the full-scale -oyllnder tests. 

In each case, the full-scale cylinder rated the blends higher than 
did the F-4 engine. 

Also in reference 6, the F-3 engine performance is compared with 
the full-scale -cylinder performance (at a fuel-air ratio of 0.07) on 
the basis of performance number for the 25 -percent aromatic blends 
reported herein. The F-3- engine appeared to be relatively insensitive 
for comparing the merits of fuel blends containing aromatics. 

In figure 28 of the present report the 17.6 engine performance 
is compared with the full -scale -cylinder performance and in figure 29 
the F-4 engine performance is compared with the 17.6 engine perform- 
ance. Those two comparisons are made on an lmep-ratio basis, at 
fuel -air ratios of 0.07 and 0.10, for blends containing 25 percent 
aromatic with the base fuel consisting of S-4 plus n-heptane. In the 
two figures, the daBhed -lines Indicate the match lines and the solid 
lines Indicate the lines of correlation that were drawn on corresponding 
engine correlation plots In reference 4 for the 12 aromatics summarized 
therein. No correlation lines are shown for the more severe test 
conditions of the full-scale cylinder because these conditions 
differ from the conditions formerly used far tests conducted vlth 
that cylinder. 

At the mare severe test conditions of the 17 . Q engine and 
the full-scale cylinder (fig. 28) the correlation is better at the 
richer mixture. At the milder test conditions of the two engines, 
the correlation appears to be good at both fuel -air ratios but, 
at a fuel -air ratio of 0.10, the correlation line more nearly 
approaches the match line. In figure 29, the 17,6 engine perform- 
ance compares more closely with the F-4 engine performance at the 
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richer fuel -air mixture and at the more severe test conditions of 
the 17.6 engine. In figures 28 and 29, the solid correlation lines 
from reference 4 agree reasonably veil vlth the data presented for 
the five aromatics; this statement Is also true for the comparison 
of the F-4 engine performance with the full -scale -cylinder perform- 
ance presented In reference 6, again Indicating the possibility of 
predicting the performance of aromatic fuel blends In a full-scale 
cylinder from performance data obtained In small-scale engines. 


SUMMARY CEF RESULTS 

Knock -1 1ml ted tests of five aromatics, each Individually blended 
with selected base fuels and tested vlth and vithout tetraethyl lead, 
vere conducted vlth 17.6, F-4, and F-3 small-scale engines. From 
these tests and from comparative published tests vlth a full-scale 
cylinder, the following results vere obtained; 

1. The five aromatics, in most Instances, rated In the folloving 

order of decreasing antiknook effectiveness In leaded blends at a 
fuel-air ratio of 0.10: m-xylene, l-lsopropyl-4-methylbenzene, 

n-propylbenzene, isobutylbenzene , and n-butylbenzene. At lean mix- 
tures the aromatics, vlth the exception of n-butylbenzene vhich had 
the lowest response at most conditions, vere comparable as antiknock 
blending agents. 

2. The performance data Indicate that the aromatic blends vere 
generally more sensitive to changes of inlet-air temperature than 

the base fuels and vere more susceptible to the addition of tetraethyl 
load than was S-4 reference fuel. 

3. Hie present results further substantiate the validity of 
the correlations previously reported' between full-scale and small - 
Beale engine data for a specific aromatic concentration In the base 
fuel. 


Aircraft Engine Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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TABLE I.- INDEX OF FIGURES 



Aromatic aromatic Base fuel 

in blend 
( bv volume \ 


engine (knock-limited imep against fuel-air ratio) 




0,10,25,50 1 87. 5< S-U + 12.5* n-heptane 


0,10,25,50 87.5^ S-U + 12 .5^ n-heptane 


0,10,25,50 


-methylbenzene 0,10,25,5° o7.5/* S-4 + 12-5 


F-lj. engine (knock- limited imep ratio against aromatic concentration) 


n-Butylbenzene 


Isobutylbenzene 


IBMESai 


rj-Propylbenzene 0,10,25,50 87 S-U + 12. 536 n-heptane 
n-Butylbenzene 0,10,25,50 87.536 S-4 + 12. n-heptane 
Tsobutylbenzene 0,10,25,50 87, 5# S-4 + 12.5)6 n-heptane 
m-Xylene 0,10,25,50 87. 5£ S-4 + 12. 5# n-heptane 
T-Isopropyl-4-methylbenzene 0,10,25,50 87* 5/* S-4 + 12-5)6 n-heptane 


17.6 engine ( knock- limited imep against fuel-air ratio) 


§ 

1 

n-Propylbenzene 

0,10,20 
0,20 ! 

s 




87*5)6 5—4 + 12.5a n-heptane 


S 


s 


87*5)6 S-4 + 12. 5# n-heptane 


S 


n-Propylbenzene 


n-Propylbenzene 


n-Butylbenzene 


n-Butylbenzene 


n-Butylbenzene 


Isobutylbenzene 


Isobutylbenzene 


Isobutylbenzene 


m-Xylene 


m-Xylene 


m-Xylene 


-methylbenzene 


1-Isopropyl-U-methylbenzene 


-me thylbenzene 


17.6 engine (knock-limited imep ratio against aromatic concentration) 


0,10,20 S 


0,10,20 S 


Isobutylbenzene 0,10,20 S 


S 


methylbenzene 





IBSMS 


la fflassgg ffig 


Engine correlation plot* 


Comparison of the 17*6 engine performance with the full-scale-cylinder performance. 


Comparison of the F-I4. engine performance with the 17.6 engine per formal ce • 


NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 



l 


































































































TABLED. - P-U and F -3 RATINGS OF AROMATIC BLENDS 


Compound 

Blend composition 
(percent by volume) 

Tetra- 

ethyl 

lead 

(ml/ 

gal) 

F-4 ratings 

F -3 ratings | 

Lewi 1 

Rloh rF 75 *UTIX 7 

S -4 + 
ml TEL 

Perform- 

ance 

number 

Aro- 

matic 

S -4 

re Ter- 
ence 
fuel 

070 Per- 
cent S-4 
plus 12.9 
percent 
n-heptane 

Percent- 
age S -4 + 
1 ; ml TEL/ 
gal In 
n-heptane 
+ 4 ml 
TEL/gal 

Perform- 

ance 

number 

Percent- 
age s-4 * 
k ml TEL/ 
gal In 
n-heptane 
+ 4 ml 
TEL/gal 

Perform- 

ance 

number 

87*5 percent S -4 + 
12.5 percent 
n-heptane 

0 

0 

100 

k 

87.5 

116 

87. 5 

111 

0.63 

119 

n-Propylbenzene 
n-Butylbenzene 
7s obutyl benzene 
m-Xylene 

T- Isopropyl -U-methyl- 
benzene 

10 

0 

90 

k 

85.5 

§5.0 

85.5 

83.5 
89.0 

112 

112 

112 

10Q 

120 

92.0 

91.0 

91-5 

94.0 

93.0 

127 

123 

s 

151 

1.00 

.60 

.70 

-95 

1.00 

126 

118 

120 

128 

126 

n- Pro pylben zene 
n-Buty iben zene 
Tsobutylbenzene 
m-Xylene 

T- Isopropyl - 4 -methyl- ; 
benzene 

25 

0 

75 

1* 

557o 

83.5 

80.0 

79.0 

83.5 

113 

109 

103 

101 

109 

100.0 

94-5 

97*3 

>100.0 

>100.0 

J 

a l 57 

0.80 

.60 

. 61 ; 

.85 

.82 

122 

118 

119 

123 

123 

n-Pr opylben zene 
n-Butylbenzene 
Tsobutylbenzene 
m-Xylene 

7- Isopropyl - 1 ^-me thy 1- 
benzene 

50 

0 

50 

1+ 

1 

74 o 

m 

T8.5 

77.0 

92 
98 
111 
100 
,7 j 

>100.0 

>100.0 

>100.0 

>100.0 

>100.0 

a 205 

a i56 

*173 

a 29 ? 

a 223 

0.58 
-35 
.SO 
.80 
.40 ; 

118 

111 

116 

122 

113 

n-Propylbenzene 

m-Xylene 

lo 

90 

0 

u 


------ 1 

— — - — 



2 *f 

3.6 

146 

150 

n-Propylbenzene 

n-Butylbenzene 

Tsobutylbenzene 

m-Xylene 

T-Isopropyl-U-methyl- 

benzene 

10 

90 

0 

0 


! 

— 


898.8 

b 98.8 

£ 99.1 

500.0 

b 99*5 

9 f 

96 

97 
100 

98 

n-Propylbenzene 

n-Butylbenzene 

Isobutylbenzene 

m-Xylene 

T-Isopropyl- 4 -methyl- 

benzene 

2d 

W 

r " "O' ’ 

0 ; 

i 






® 97.8 ' 

b 96.6 

597.8 

*8:1 

9$ 

89 

93 

98 

95 


a Estimated performance number 
^Octane number. 


imep of aromatic blend 
Imep of S -4 + 4 ml TEL/gal 


x performance number of S -4 + I4. ml TEL/gal. 
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TABLE HI.- SUPERCHARGED- ENGINE TESTS OF BLENDS CONTAINING AROMATICS 


Fuel composition 

Engine conditions 

r: 




Test 

results 




Compound 

Blend composition 
(percent by volume) 

Tetra- 
ethyl 
lead 
(ml /gal ) 

Spark 
advance 
(deg 
B.T.C. ) 

Exhaust 
pressure 
(in. Hg 
absolute ) 

Inlet- 
air tem- 
perature 

<°r) 

Fuel-air ratio 

0 

.065 

0, 

07 

0 

085 

0. 

10 

0. 

11 

Aromatic 

S-4 ref- 
erence 
fuel 

87.5 percent 
S-4 plus 

12.5 percent 
rx-heptane 

imep 

Imep 

ratio® 

imep 

imep 

ratio a 

imep 

imep 

ratio® 

imep 

imep 

ratio® 

Imep 

imep 

ratio® 

17.6 engine 

n-Propylbenzene 

10 

90 

0 

0 

50 

Atmospheric 

250 

134 

0.99 

133 

0.99 

155 

1*00 

191 

1.10 

203 

1.16 

n-Butylbenzene 








136 

.95 

136 

.98 

155 

.97 

179 

.99 

185 

1.02 

Tsobutylbenzene 








121 

.98 

124 

.98 

146 

.99 

172 

1.02 

180 

1.07 

m-Xylene 








120 

.97 

123 

.98 

150 

1.03 

178 

1.07 

165 

1.08 

T- Is opr opyl-4-me thylbenzene 








126 

.98 

128 

.99 

155 

1.04 

180 

1.07 

190 

1.12 

n-Propylbenzene 

20 

80 

0 

0 

30 

Atmospheric 

250 

134 

0.99 

134 

0.99 

158 

1.02 

199 

1.15 

216 

1.23 

n-Butylbenzene 








133 

.93 

133 

.96 

153 

.96 

179 

.99 

169 

1.04 

Tsobutylbenzene 








119 

.97 

119 

.94 

142 

.96 

173 

1.03 

186 

1.11 

m-Xylene 








115 

.93 

118 

.94 

156 

1.06 

190 

1.14 

202 

1.1B 

T- 1 s opr opyl-4-me thylbenzene 








121 

.94 

122 

.95 

152 

1.02 

185 

1.10 

204 

1.20 

n-Propylbenzene 

20 

80 

0 

0 

30 

Atmospheric 

100 

200 

1.14 

198 

1.14 

215 

1.19 

240 

1.30 

241 

1.32 

n-Butylbenzene 








187 

1.04 

185 

1.05 

195 

1.08 

205 

1.10 

203 

1.09 

Tsobutylbenzene 








169 

1.10 

170 

1.11 

189 

1.15 

206 

1.19 

208 

1.20 

m- Xylene 








176 

1.14 

176 

1.15 

201 

1.22 

236 

1.35 

243 

1.40 

T-Isopropyl-4-methylbenzene 








176 

1.14 

176 

1.14 

201 

1.21 

234 

1.33 

241 

1.37 

n-Propylbenzene 

10 

90 

0 

4 

30 

Atmospheric 

250 

226 

1.05 

235 

1.05 

270 

1.09 

302 

1.14 

311 

1.16 

n-Butylbenzeno 








221 

1.01 

231 

1.03 

259 

1.04 

278 

1.03 

285 

1.06 

Isobutylbenzene 








223 

1.09 

226 

1.09 

264 

1.09 

297 

1.14 

298 

1.15 

m- Xylene 








219 

1.07 

228 

1.09 

273 

1.15 

310 

1.19 

521 

1,23 

1- Isopropyl-4-nethylbenzene 








219 

1.09 

227 

1.00 

277 

1.13 

305 

1.17 

312 

1.19 

n- Propyl benzene 

20 

80 

0 

4 

30 

Atmospheric 

250 

239 

1.11 

251 

1.13 

299 

1.21 

340 

1.29 

356 

1.33 

n-Butylbenzene 








224 

1.02 

233 

1.04 

267 

1.07 

296 

1.10 

300 

1.11 

Tsobutylbenzene 








234 

1.14 

242 

1.15 

287 

1,18 

326 

1.25 

333 

1.29 

m-Xylene 








228 

1.12 

243 

: 1.16 

311 

1.29 

367 

1.41 

381 

1.46 

T- 1 sopropyl-4-me thylbenzene 








226 

1.12 

237 

1.13 

300 

1.22 

363 

1.39 

379 

1.45 

n-Propylbenzene 

20 

80 

0 

4 

30 

Atmospheric 

100 

388 

1.34 

396 

1.38 

412 

1.42 

398 

1.36 

377 

1.31 

n-Butylbenzene 








307 

1.10 

309 

1.11 

318 

1.12 

325 

1.14 

321 

1.14 

Tsobutylbenzene 








342 

1.20 

344 

1.22 

355 

1.23 

359 

1.25 

351 

1.24 

m-Xylene 








366 

1.28 

365 

1.29 

416 

1.44 

430 

1.48 

428 

1.51 

T-Isopropyl-4-me thylbenzene 









372 

i 1.30 

376 

1.32 

406 

1.42 

414 

1.42 

; 409 

1.43 


a imep ratio = * Por * he blends tefited wl ^h the 17.6 engine, the base fuel was S-4, $-4 plus 4 ml TEL/gal, or 87,5 percent S-4 plus 

12.5 peroent jh heptane plus 4 ml TBL/gal; In all other Instances, 87.5 percent S-4 plus 18.5 percent n- heptane plus 4 ml TEI/gal was used. 
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TABLE m. - SUPERCHAROBD-ENGINE TESTS-OF BLENDS CONTAINING AROMATICS - Concluded 


Fuel composition 

Engine conditions 





Test 

results 




Compound 

Blend composition 
(percent by volume) 

Tetra- 
ethyl 
lead 
(ml/gal ) 

Spark 

advance 

(deg 

B.T.C.) 

Exhaus t 
pressure 
(in. Hg 
absolute ) 

Inlet- 
air tem- 
perature 
(°F ) 



Fuel-air ratio 

0. 

065 

0. 

07 

0. 

065 

0.10 

0.11 ! 

Aromatic 

S-4 ref- 
erence 
fuel 

87.5 percent 
S-4 plus 

12.5 percent 
n-heptane 

Imep 

imep 

ratio* 

Imep 

imep 

ratio* 

imep 

imep 

ratio* 

imep 

__ J 

imep 

ratio* 

imep 

imep 

ratio* 

| 17.6 engine - Concluded | 

n-Propylbenzene 

25 

0 

75 

4 

30 

Atmospheric 

250 

213 

1.22 

219 

1.24 

249 

1.31 

267 

1.31 

271 

1.34 

n-Butylbenzene 








159 

1.03 

165 

1.04 

195 

1.12 

217 

1.16 

219 

1.18 

Tsobutylbenzene 








168 

1.09 

177 

1.13 

210 

1.18 

233 

1.23 

236 

1.26 

m-Xylene 








193 

1.21 

199 

1.22 

260 

1.46 

290 

1.53 

290 

1.54 

T- Isopropyl-4-methylbenzene 








196 

1.23 

203 

1.23 

246 

1.36 

273 

1.44 

280 

1.49 

n-Propylbenzene 

25 

0 

75 

4 

30 

Atmospheric 

100 

290 

1.34 

290 

1.36 

301 

1.39 

298 

1 .38 

292 

1.40 

n-Butylbenzene 








221 

1.13 

223 

1.14 

235 

1.17 

241 

1.18 

237 

1.19 

Tsobutylbenzene 








252 

1.27 

252 

1.27 

262 

1.29 

258 

1.27 

249 

1.25 

m-Xylene 








272 

1.34 

280 

1.38 

318 

1.51 

325 

1.56 

318 

1.57 

T-Isopropyl-4-me thylbenzene 









206 

1.41 

293 

1.44 

315 

1.51 

315 

1.53 

309 

1,53 




Full-scale 

cylinder 

(data from reference 

6) 










n-Propylbenzene 

25 

0 

75 

4 

30 

15 

250 

165 

1.20 

166 

1.15 

206 

1.24 

259 

1.39 

275 

1.43 

n-Butylbenzene 








147 

1.07 

146 

1.01 

109 

1.14 

222 

1.19 

231 

1.20 

Tsobutylbenzene 








175 

1.27 

176 

1.22 

210 

1.27 

245 

1.31 

260 

1.36 

l-Isopropyl-4-me thylbenzene 








173 

1.25 

175 

1.22 

215 

1.30 

276 

1.40 

312 

1.63 

n-Propylbenzene 

25 

0 

75 

4 

20 

Atmospheric 

210 

232 

1.47 

232 

1.45 

270 

1.48 

299 

1.40 

312 

1.38 

n- Butylbenzene 








176 

1.11 

176 

1.10 

218 

1.20 

260 

1.22 

270 

1.19 

Tsobutylbenzene 








214 

1.35 

209 

1.31 

245 

1.35 

266 

1.34 

297 

1.31 

■ l-Isopropyl-4-methylbenzene 








238 

1.51 

241 

1.51 

292 

1.60 

323 

1.52 

343 

1.52 






F-4 

engine 












n-Propylbenzene 

10 

0 

90 

4 

45 

Atmospheric 

225 

106 

0.94 

125 

0.99 

171 

1.08 

191 

1.10 

194 

1.11 

n-Butylbenzene 








106 

.95 

125 

1.00 

164 

1.04 

184 

1.07 

186 

1.08 

Tsobutylbenzene 








99 

.95 

122 

1.04 

165 

1.09 

185 

1.09 

189 

1.11 

m-Xylene 








102 

.93 

126 

1.02 

174 

1.12 

196 

1.15 

201 

1.16 

T- Isopropyl-4-me thylbenzene 








116 

1,01 

136 

1.06 

178 

1.12 

197 

1.15 

199 

1.15 

n-Propylbenzene 

25 

0 

75 

4 

45 

Atmospheric 

225 

108 

0.94 

13€ 

1.06 

196 

1,24 j 

227 

1.30 

240 

1.39 

n-Butylbenzene 








97 

.97 

120 

.96 

176 

1.12 

200 , 

1.16 

204 

1.18 

Tsobutylbenzene 








84 

.81 

114 

.97 

182 

1.20 

213 ! 

1.25 

222 

1.30 

m-Xylene 








90 

.82 

122 

.98 

207 

1.33 

246 

1.45 

262 

1,61 

T-Isopropyl-4-me thylbenzene 








105 

.91 

132 

1.03 

196 

1.23 

231 

1.34 

248 

1.43 

n-Propylbenzene 

50 

0 

50 

4 

45 

Atmospheric 

225 

84 

0.73 

96 

0.78 

186 ; 

1.18 

239 

1.37 

323 

1.66 

n-Butylbenzene 








86 

.77 i 

114 

.91 

193 ' 

1.23 

230 

1.34 

245 

1.42 

Tsobutylbenzene 








94 

.90 

119 

1.02 

195 1 

1.26 

244 

1.44 

272 

; 1.59 

m-Xylene 








88 

.80 

114 

.92 

268 

1.72 

403 

2.36 

467 

! 2.70 

T-Isopropyl-4-me thylbenzene 








09 

.77 

111 

.87 

215 

1.35 

316 

1.84 

351 

; 2.03 


> 

o 

> 

> 

X> 

73 


a lmep ratio = # Por the 

12.5 percent n-heptane plus 4 ml TEL/gal ; In 


blends tested with the 17.6 engine, the base fuel was S-4, S-4 plus 4 ml TEL/gal, or 87.5 percent S-4 plus 
all other Instances, 87.5 percent S-4 plus 12.5 percent n-heptane plus 4 ml TEL/gal was used. 
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TABLE TSL. - TEMPERATURE SENSITIVITY OF THE AROMATIC BLENDS RELATIVE TO THAT OF THE BASE FUELS 

[17.6 engine; compression ratio, 7.0; engine speed, 1800 rpm; spark advance, 

30° B.T.C.; outlet-coolant temperature, 212° F] 


Compound 

Composition 
(percent by volume) 

Tetra- 
ethyl 
lead 
(ml/gal ) 

Relative temperature 
sensitivity 4 

Aromatic 

S-4 refer- 
ence fuel 

87.5 percent 
S-4 plus 

12.5 percent 
n-heptane 


Fuel- 

■air ratio 


0.065 

0.07 

0.085 

0.10 

0.11 

S-4 reference fuel 

0 

100 

0 

0 

1.00 

1.00 

1.00 

1.00 

1.00 

n-Propylbenzene 

20 

80 

0 

0 

1.15 

1.15 

1.17 

1.13 

1.07 

n-Butylbenzene 





1.12 

1.09 

1.12 

1.11 

1.05 

Tsobutylbenzene 





1.13 

1.18 

1.20 

1.16 

1.08 

B-Xylene 





1.23 

1.22 

1.13 

1.18 

1.19 

T-Isopropyl-4-methylbenzene 





1.21 

1.20 

1.19 

1.21 

1.14 

S-4 reference fuel 

0 

100 

0 

4 

1.00 

1.00 

1.00 

1.00 

1.00 

n-Propylbenzene 

20 

80 

0 

4 

1.21 

1.22 

1.17 

1.05 

0.98 

n-Butylbenzene 





1.08 

1.07 

1.05 

1.04 

1.03 

Tsobutylbenzene 





1.05 

1.06 

1.04 

1.00 

.96 

m-Xylene 





1.14 

1.11 

1.12 

1.05 

1.03 

T-Isopropyl-4-methylbenzene 





1.16 

1.17 

1.16 

1.02 

.99 

87*5 percent S-4 plus 

0 

0 

100 

4 

1.00 

1.00 

1.00 

1.00 

1.00 

12.5 percent n-heptane 










n- Propyl benzene 

25 

0 

75 

4 

1.10 

1.10 

1.06 

1.05 

1.04 

n-Butylbenzene 





1.10 

1.10 

1.04 

1.02 

1.01 

Tsobutylbenzene 





1.17 

1.12 

1.09 

1.03 

.99 

m-Xylene 





1.11 

1.13 

1.03 

1.02 

1.02 

T-Isopropyl-4-methylbenzene 





1.15 

1.17 

1.11 

1.06 

1.03 


lmep of aromatic blend (inlet-air temperature. 100^ F) 
Relative temperature sensitivity = lmep of aromatic blend (inlet-air temperature, 250 J _Fl 

lmep of base fuel (Inlet- air temperature » 100° F) 
lmep of base fuel (lnlet-alr temperature, 250° P) 


lmep ratio (lnlet-alr temperature, 100° F) 
lmep ratio (lnlet-alr temperature,' 250° F) # 
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TABLES. - LEAD SUSCEPTIBILITY OP THE AROMATIC BLENDS RELATIVE TO THAT OF S-4 REFERENCE FUEL 

[l7.6 engine; compression ratio, 7.0; engine speed, 1800 rpm; spark 
advance, 30° B.T.C.; outlet-coolant temperature, 212° f] 


1 

Compound 

Inlet-air 

temperature 

<°F> 

Composition 
(percent by volume) 

Relative lead susceptibility® 

i 

Aromatic 

S-4 refer- 
ence fuel 


Fuel 

-air ratio 


i 

0.065 

0.07 

0.085 

0.10 

0.11 

i 

S-4 reference fuel 

250 

0 

100 

1.00 

1.00 

1.00 

1.00 

1.00 

= 

B 

n-Propylbenzene 

250 

10 

90 

1.06 

1.06 

1.09 

1.04 

1.00 


n-Butylbenzene 




1.06 

1.05 

1.07 

1.04 

1.04 


Tsobutylbenzene 




1.11 

1.10 

1.10 

1.12 

1.07 


m-Xylene 




1.10 

1.11 

1.10 

1.11 

1.14 

■ 

T-Isopropyl-4-methyl benzene 




1.10 

1.09 

1.09 

1.09 

1.06 


n-Propylbenzene 

250 

20 

80 

1.12 

1.14 

1.19 

1.12 

1.08 


n-Butylbenzene 




1.10 

1.08 

1.11 

1.11 

1.07 

= | 

Isobutylbenzene 




1.18 

1.22 

1.23 

1.21 

1.16 


m-Xylene 


! 


1.20 

1.23 

1.19 

1.24 

1.24 

= 

T-Isopropyl-4-methylbenzene 




1.19 

1.19 

1.20 

1.26 

1.21 

= 

S-4 reference fuel 

100 

0 

100 

1.00 

1.00 

1.00 

1.00 

1.00 

| 

n- Propylbenzene 

100 

20 

80 

1.18 

1.21 

1.19 

1.05 1 

0.99 


n-Butylbenzene 




1.06 

1.06 

1.04 

1.04 

1.05 


Tsobutylbenzene 




1.09 

1.10 

1.07 

1.05 

1.03 


m-Xylene 




1.12 

1.12 

1.18 

1.10 

1.08 


T-Isopropyl-4-methylbenzene 




1.14 

1.16 

1.17 

1.07 

1.04 


imep of aromatic blend (with 4 ml TEL/gal) 
^Relative lead susceptibility = imep of aromatic blend (with 0 ml TEL/gal) 

imep of S-4 (with 4 ml TEL/gal) 
imep of S-4 (with 0 ml TEL/gal) 


_ imep ratio of aromatic blend (with 4 ml TEL/gal) 

Imep ratio of aromatic blend (with 0 ml TEL/gal"7 * 
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Performance number 





Knock*! I oil ted Imep, !b/sq fn. isfc, Ib/hp-hr Knock-limited inlet-air pressure, in* Hg abs. 


i ■ 1 1 ii 1 1 i hi 


NACA ARR No. E6C05 





NACA ARR No. E6C05 F'9- 3 



Fuel -air ratio 


Figure 3. - The knock-limited performance of leaded blende cf n-buty 1 benzene and a base fuel con- 
sisting of 87.5 percent S -A plus 12.5 percent n-heptane in an F-4 engine. 





Knock-limited inlet-air 

Knock-limited imep, Ib/sq in. isfc, Ib/hp-hr pressure, in. Hg.abs. 


4- 


NACA ARR NO. E6C05 


f > 9 



NACA ARR NO. E6C05 


Fig. 5 



Fioure 5. - The knock- 1 ini ted perforeance of leaded blend* of *-«ylene and a base fuel consisting 
of 87.5 percent S-4 plus 12.5 percent fl-heptane in an F-4 engine. 



6 


NACA ARR No. E6C05 


Fig. 




Knock- 1 ini ted inep ratio 



4 nl TEL per gal Ion. 


-n 


co 


NACA ARR No. E6C05 




NACA ARR No- E6C05 


g . 8 
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liSS! 


o S-4 

□ 10 percent n-propy I benzene ♦ 90 per- 

cent S-4 

O 20 percent n-propy l benzene ♦ 80 per- 
cent S-4 


: (a) Inlet-air temperature, 250° P. 


Inlet-air temperature, 100° F. 


Fuel-air ratio 

. - The knock- 1 imi ted performance of unleaded blends of fi-propy I benzene and S-4 refe 
n a 17.6 engine. Compression ratio, 7.0; engine speed, TbOO rpm; spark advance, 30® 
; outlet-coolant temperature, 2i2° F. 


Knock-limited imep, Ib/sa in. isfc, Ib/hp-hr Knock- 1 i mi ted inlet-air 

pressure, in. Hg abs. 
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E6C05 


Fig. 



Figure 9. - The knock- 1 imi ted performance of leaded blenas of Q-propy I benzene and S-4 reference 
fuel in a 17.6 engine. Compression ratio, 7.0; engine speed, 1800 rpm; spark advance, 30 6 
B.T.C.; outlet-coolant temperature, 212° F. 



Knock-limited imep, Ib/sq in. Isfc, Ib/hp-hr Knock-limited inlet-air 

pressure, in. Hg abs. 
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87.5 percent S-4 + 12.5 percent 
Q-heptane + 4 ml TEL/ ga I 
25 percent n-propy I benzene ♦ 75 per- 
cent (87.5 percent S-4 * 12.5 per- 
cent Q-heptane) + 4 ml TEL/gal 


(a) Inlet-air temperature, 250° F. 


lb) Inlet-air temperature, 100° F. 


Figure 10. 
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The knock-limited performance of leaded blends of n.-propy I benzene and a base fuel 
consisting of 87.5 percent S-4 plus 12.5 percent fl-heptane in a 17.6 engine. Compression 
ratio, 7.0; engine speed, 1800 rpn; spark advance, 30° B.T.C.; outlet-coolant temperature, 212° F. 
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Figure 12. - The Knock- 1 im i ted performance of leaded blends of Q-buty I benzene and S-4 reference 
fuel in a 17.6 engine. Compression ratio, 7.0; engine speed, 1800 rpm; spark advance, 30° 
6.T.C.; outlet-coolant temperature, 212° F. 
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(a) Inlet-air temperature, 250° F. 


87.5 percent S-4 ♦ 12.5 percent 
n-heptane ♦ 4 ml TEL/gal 
25 percent n-buty I benzene +. 75 per- 
cent (87.5 percent S-4 + 12.5 per- 
cent n-heptane) '♦ 4 ml TEL/gal 

(b) Inlet-air temperature, 100° F. 
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Figure 13. - The knock- 1 i mi ted performance of leaded blends of n-buty I benzene and a base fuel 
consisting of 87.5 percent S-4 plus 12.5 percent n-heptane in a 17.6 engine. Compression 
ratio, 7.0; engine speed, 1800 rpm; spark advance, 30® B.T.C.; outlet-coolant temperature, 212° F 
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ratio, 7.0; engine speed, 1000 rpm; spark advance, 30° e.T.C.; outlet-coolant temperature, 
212° F. 
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Knock-limited imep, Ib/sq in. isfc, Ib/hp-hr knock-limited inlet-air 

pressure, in. Hg abs. 
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Fig. 19 



Fuel-air ratio 

Figure 10. - The knock-limited performance of leaded blends of m-xylene and a base fuel consisting 
of 87.6 percent S-4 plus 12.5 percent n-heptane in a 17.6 engine. Compression ratio, 7.0; en- 
gine. speed, 1800 rpm; spark advance, 30° B.T.C.; outlet-coolant temperature, 212° F. 
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Fig. 22 NACA ARR No. E6C05 
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Percentage n-propy I benzene in S-H reference fuel 

Figure 23. - The blending sensitivity of n-propy 1 benzene In S-U 
reference fuel. 17.6 engine; data from figures 8 and 9. 
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Figure 24. - The blending sensitivity of n_-buty! benzene in S-4 refer- 
ence fuel. 17.6 engine; data from figures II and 12. 
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Figure 25. - The blending sensitivity of isobuty Ibenzene in S-4 ref 
erence fuel. 17.6 engine; data from figures 14 and 15. 
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Figure 27. - The blending sensitivity of - 1 sop ropy 1 -4 -me thy 1 benzene 
In $-4 reference fuel. 17.6 engine data from figures 20 and 21. 
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Figure 28. - Comparison of the Knock- I ioti ted performance of fuel blends containing 25 percent aromatic plus 75 percent (67.5 percent S-4 plus 12.5 per- 
cent n-heptane) plus 4 ml TEL per gallon as obtained with a 17.6 engine and a full-scale cylinder. 
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Fioure 29. - Comparison of the knock-1 ini ted performance of fuel blends containing 25 percent aromatic plus 75 percent (87.5 percent S-4 plus 12.5 
percent n-heptane) plus 4 ml TEL per gallon as obtained with an F-4 engine and a 17,6 engine. 
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